Most of the current simulation models focus on implementation details without grasping the essence of the system, which makes it difficult to understand the core and the stable part of an enterprise. In this paper, we develop a Design and Engineering Methodology for Organization (DEMO)-based simulation model that combines simulation and the enterprise engineering approach in order to achieve a more holistic view of the enterprise. The four-aspect DEMO models are developed for the operating room scheduling problem, which enabled us to understand the business process from different perspectives. To develop the simulation model, an expanded DEMO with implementation model (DEMO++ ) is applied. The AnyLogic environment is used for execution. The model evaluates the operational performance of the case mix and master surgery plans that were developed in previous studies. The initial results show the simulation potential in the performance improvement of the operating room system. Furthermore, it makes understanding and exploring the system easier.
Introduction
Healthcare systems constantly provide new challenges to managers and decision-makers due to high demands for services, high costs, limited budget, and scarce healthcare resources. As a result, decision-makers are continuously studying the efficacy and efficiency of existing healthcare systems, and must be able to evaluate the outcomes of any change they make to these systems. One of the most critical healthcare systems is the operating theater (OT).
The OT is considered to be the ''engine that drives the hospital.'' 1 In fact, its activities are tightly interconnected with those of other departments and, consequently, its performance dramatically influences hospital performance as a whole. 2 In addition, it is one of the most costly functional areas of the hospital. 3 According to the Healthcare Financial Management Association (HFMA), operating rooms (ORs) account for a large share of hospital care services and expenditure and result in an estimated 40% of hospital revenue. 4 Furthermore, the OT is the principal reason for almost 70% of all hospital admissions. 5 Hospital managers are, therefore, urged to maximize the patient throughput and to optimize the use of medical resources to reduce costs. In this regard, surgical scheduling is of paramount importance. However, solving a surgical scheduling problem is remarkably complex. It requires, in general, consideration of the following: (i) many different types of resources, such as ORs, OR personnel, including surgeons and nurses, surgical and electro-medical equipment, and post-surgical resources, such as recovery units and wards; and (ii) the randomness associated with patients' arrival, surgery duration and patients' Length of Stay (LOS). In the literature, the surgical scheduling process is typically seen as entailing three stages ( Figure 1 ): (i) distribution of the OR times to each patient category or the so-called the Case-mix Problem (CMP); (ii) assignment of an OR and a day to each patient category over the scheduling window, which is the Master Surgery Scheduling Problem (MSSP); and (iii) the selection and sequencing of patients who have to undergo surgery, which is the Surgery Scheduling Problem (SSP). This process is usually studied in cascade, that is, by considering the output of the upstream stage as the input for the downstream stage. [6] [7] [8] This study focuses on the SSP and considers the hierarchal relationship with the other two problems, the CMP and the MSSP. In this paper, we have two main objectives, arising during cooperation with Karmoze hospital, a nonprofit hospital located in Alexandria, Egypt. The first one is to evaluate the operational performance of the case mix and master surgery plans that are obtained at the higher decision levels, the CMP and the MSSP, by solving the mathematical models proposed by Yahia et al. 9, 10 Three performance measures are applied: the overall average waiting list; the total number of surgery cases per year; and the overall average patient misplacement. The second objective is to model not only the implementation part of the OR scheduling, but also to represent the ontological part. The ontological part describes how enterprise is constructed in an abstracted way that enables managers, at the different decision making levels, to keep an eye on the interesting part.
Computer simulation modeling has been largely used in studies dealing with capacity planning in healthcare services and management. 11 A variety of simulation technologies exist to support a variety of different modeling needs in the operating theater. Vergidis et al. 12 reported more than 34 publications on modeling and simulation for surgical patients' issues. The majority of these studies focus mainly on implementation details and the workflow viewpoint, which makes it difficult to represent the core and the stable part of the enterprise. What perhaps has been missing, though, is a focus on the ontological level for the OT system so that as grasp the essence of the system. This higher level abstraction reduces the complexity of the enterprise and helps understanding of the overall business process. As such, it presents a potentially rich domain for DEMO (Design and Engineering Methodology for Organization) as a modeling approach. 13 Furthermore, current simulation methods are weak in describing large complex systems and are not well connected with management for decision making support. 14 Nevertheless, this dichotomy is gradually vanishing, as other approaches are applying a balanced use of business process modeling and simulation, such as DEMO++ , an expanded DEMO with an implementation model, as a conceptual modeling method for business process simulation. 15 DEMO++ includes both the ontological part and the implementation part. It is a method for business processes analysis, execution, and evaluation that can reduce the complexity of modeling and simulation of large systems, but keeps an eye on the implementation of the interesting part. DEMO++ is fully modularized so that the generated simulation is totally component based. Furthermore, it has been evident that a holistic approach, based on a combination of methods, allows capturing multiple views and thus allowing more accurate representation and solution processes. 15 In this paper, we develop a simulation model for the OT enterprise. DEMO is applied as a modeling approach, while DEMO++ is used to extend the ontological model with the implementation model of the OT system. The remainder of this paper is organized as follows. Firstly, the developed four-aspect DEMO models are presented in Section 2. Then, the expanded DEMO++ approach example is depicted in Section 3. The results and discussion are presented in Section 4. The final section contains conclusions and the proposition of future work to be performed.
Design and Engineering Methodology
for Organization models for the case of the extended operating theater Enterprise ontology is a core theory of enterprise engineering. The goal, in particular, is to offer a new understanding for enterprises, such that one is able to look through the distracting and confusing actual appearance of an enterprise right into its deep essence. 16 DEMO helps in ''discovering'' an enterprise's ontological model, basically by re-engineering from its implementation. DEMO is built on the PSI (Performance in Social Interaction) theory. 13 In this theory, an enterprise (organization) is considered as an interaction of social individual subjects. 17 These subjects perform two kinds of acts: production acts (P-acts) and coordination acts (C-acts). By performing P-acts, the subjects contribute to bringing about the goods or services that are delivered to the environment. By performing C-acts subjects enter into and comply with commitments towards each other regarding the performance of P-acts. 18 C-acts and P-acts occur in universal patterns, called transactions. A transaction involves two subjects: an initiator who generates ''requests,'' asks for a production, and commits to the delivered result; and an executor who produces ''products,'' gives feedback to the ''requests,'' and takes the responsibility for producing them. 18 Transactions are the elementary (essential) organizational building blocks of enterprises. Figure 2 exhibits the basic transaction pattern as the elaboration and formalization of the workflow loop, as proposed by Denning and Medina-Mora. 19 A transaction evolves in three phases: the order phase; the execution phase; and the result phase. In the order phase, the initiator and the executor negotiate for achieving consensus about the P-fact that the executor is going to bring about. The Cacts in the order phase start when an initiator ''requests'' (rq) a good or service. The executor responds to the request by ''promising'' it (pm). In the execution phase, the P-fact is brought about by the executor through ''executing'' (ex) the requested good or service. In the result phase, the initiator and the executor negotiate for achieving consensus about the P-fact that is actually produced. After the executor ''states'' (st) that the good or service has been executed, in response to this event, the initiator ''accepts'' (ac) the executed service. The four intentions (rq, pm, st, ac) are basic steps in order to make a transaction end successfully. Performing C-acts leads to the creation of corresponding C-facts. For example, the effect of performing a C-act ''rq'' is the creation of a corresponding C-fact ''requested'' (rqed), and so on. The complete transaction pattern is represented by only one symbol, called the transaction symbol: it consists of a diamond (representing production) embedded in a disk (representing coordination). The transaction is linked with the initiator actor rule and executor actor rules via initiation the link and execution link, respectively. In order to distinguish them, the execution link, which connects the transaction type with its executor, is represented as a line with red diamond at the end.
In order to obtain a full image, the ontological model of an organization is divided into four sub-models describing different aspects of the enterprise (Figure 3 ). The Construction Model (CM), located on the top of the triangle, is the most concise model. The CM provides a general view of the enterprise by showing the transactions and the actor roles, and how they are interrelated and composed to construct a system. The Process Model (PM) provides more details about the business processes and business events. Also the PM describes the detailed causal relations between the transactions. The Fact Model (FM) illustrates the object classes with their properties and facts related in the process. Finally, the Action Model (AM), located on the base of the triangle, describes the actions or business rules for actor roles. These business rules govern the actions between the process steps. With the four DEMO aspect models, DEMO provides a consistent, coherent, concise, comprehensive, and essential (C4E) representation of the system. The details of the DEMO aspect model are explained by analyzing a real OT case.
Case description: the extended operating theater
The flow starts with a patient visit or referral to a specific specialty for treatment. The surgery decision is made in the next step after the consultation. Each type of patient is served by a specific specialty, that is, the patient is served by a specific surgeon type. Each type of surgeon encompasses a number of doctors of the same specialty. Each surgeon type is assigned to work during specific time blocks. These time blocks are determined based on the Master Surgery Schedule (MSS), which is the solution of the MSSP; and the case mix plans, are developed by management in a higher decision making level. In practice, each surgical specialty manages its own patient waiting list. The surgeon's office must submit the schedule at least 24 hours in advance. This schedule includes the type of surgical procedures, their sequence, expected procedure length, types of patients, equipment needed, and any other required resources. Elective patients are scheduled to arrive at the hospital at least 2 hours prior to their surgery, at which point they report to the surgical administration desk to check in and then wait to be taken into the OT by a nurse. In a typical OT, each patient goes through three stages: pre-surgery preparation, surgery, and recovery. In the first stage, a nurse identifies the patient and extracts the patient's charts and information. In the holding area, the nurse performs all the necessary tests to ensure the patient is prepared and that his or her health status is adequate to proceed. The patient remains in the holding area until called to the OR. Meanwhile, the surgeon visits the patient to ensure that s/he is ready for the surgery, mark the surgical site, and discuss any final details. When the surgical suit manager determines that the OR is turned over, the surgical team is ready, and the required resources are available, then the patient is called to the OR. The surgery stage includes anesthesia and operation/surgery. Once the patient is called to the OR, s/he is taken to the OR, anesthesia is administered, and the procedure begins. The last stage accounts for the time required for the patient's recovery. After surgery, the patients stay at the recovery unit for post-operative probation. Patients stay in the recovery room until their health status is stable enough to be transferred to the surgical ward.
Hereafter, patients are eventually transferred to the surgery ward for post-operative care/nursing before they are discharged. Bed shortages may force the scheduled surgeries to be cancelled or the operated patients to be misplaced in a second ward related to other specialties. Patients remain in the surgical ward until they are well enough to be returned home.
OR planning and scheduling is a complex problem. Many mathematical and simulation models are applied to express the OR planning and scheduling problem. 20, 21 However, they offer poor support in the problem representation at the ontological level. This justifies the need for a conceptual modeling approach to understand the ontological part of the organization in which this problem exists. Based on the description, we can construct the four-aspect DEMO models, which are useful for understanding the ontological aspects of the OT from different perspectives.
DEMO construction model
The Actor Transaction Diagram (ATD) is useful for understanding the ontological aspects of the OT. The ATD is the basic diagram of DEMO that shows the ontological transactions linked to the business roles. Furthermore, it shows the initiator and executor for each transaction. The ATD of the OT is shown in Figure 4 . The ATD model includes the transactions of Treatment, Surgery Decision, Surgery Planning, Surgery Complete, Pre-Surgery Preparation, Surgery, Recovery, and Nursing. In addition to those eight transactions, there are two infological transactions: Master Surgery Planning and Case-mix Planning. This set of transaction types are abstracted to {T1, T2. T10}, respectively, and expressed as a disk with a diamond as in the ATD shown in Figure 4 . As mentioned earlier, both the case-mix planning and the master surgery planning are developed in advanced stages before the daily operational surgery scheduling. In Surgery Planning transaction T3, Surgery Planner A3 considers information from the Master Surgery Planning transaction T9 through an information link; similarly, the information link between the Master Surgery Planner A9 and Case-mix Planning T10. Readers are referred to Yahia et al. 9, 10 for more information about the case-mix plan and master surgery plan, respectively.
Another main element in the CM is actor role, which responds to the need for decision making, commitment, or producing products in a transaction. The actor role acts as either the initiator or the executor of a transaction. There are two types of actor roles, the elementary actor role (A) and composite actor role (CA). The elementary actor role is the actor role inside the boundary of the focus system. In the OT case there are nine elementary actor roles A = {A1, A3, A4.A10}. For example A1, Treatment Manager, is the executor of transaction T1 and initiator of transactions T2, T3, T4, and T8. This means that A1 responds to complete Treatment for customer CA1 by initiating four transactions. On the other hand, the composite actor role represents a composition of actor roles that are not focused, that is, CA1 in the OT case.
Based on the description, we can construct the ATD of the OT case using DEMO (Figure 4 ). The Patient (CA1) is the initiator of the first transaction T1 (Treatment). Because Patient is considered as an external actor role, it is shaded. The executor of T1 is the A1 Treatment Manager who manages the treatment. The executor of any transaction is always differentiated by the red diamond on the link to its transaction. The same actor role A1 is the initiator for the second transaction T2 Surgery Decision, because the treatment manager asks the patient or his relatives to confirm the surgery procedures, and the patient is the executor of T2 (has the red diamond). The third transaction T3 is Surgery Scheduling. Furthermore, A1 is the initiator for T4 (Surgery Complete) and T8 (Nursing). In order to complete the surgery (T4), A4 (Surgery Completer) initiates three transactions, T5 (Pre-Surgery Preparation), T6 (Surgery), and T7 (Recovery). The executors for those three transactions are A5, A6, and A7, respectively. Based on this model, it is clear that the method of the execution for these transactions will have no influence on this model.
DEMO process model
The CM briefly describes how the system is constructed while ignoring the execution sequence of the transactions. The PM describes the details of the transactions as well as how the transactions are interrelated. Moreover, in the PM, the sequence of the transactions and the causal and conditional relations between the transactions are described in the Process Structure Diagram (PSD). The PSD of the OT case is illustrated in Figure 5 .
The process starts by requesting the transaction T1 by CA1. After promising T1 by A1, T2 is requested. When the Surgery Decision transaction T2 is accepted by A1, T3 is requested by A1. After the Surgery Scheduling transaction T3 is confirmed, A1 requests from A4 and A8 for completing and nursing the scheduled case through transactions T4 and T8, respectively. If A4 promised the request for completing a surgery, he/she requests for T5 (Pre-Surgery Preparation), T6 (Surgery), and T7 (Recovery). When the Pre-Surgery Preparation transaction T5 is accepted by A4, T6 is executed. Once the Surgery transaction T6 is accepted by A4, T7 is executed. After the Recovery transaction T7 is accepted by A4, T8 is executed. Finally, by accepting the Nursing transaction T8, Treatment T1 will be completed and stated to the Patient CA1. The process related to T9 and T10 is slightly different. Those two transactions are routine work and should be executed by default from the planners' side, so they are self-initiated transactions.
DEMO fact model
The PM takes the process and state view when analyzing an enterprise. The FM, located at the same level as the PM, describes the different aspects of the enterprise: the object and fact structures. The Object Fact Diagram (OFD) is depicted in Figure 6 . The Object is an identifiable individual component derived from DEMO FM. It is an entity whose state will be changed by a transaction. We find that the Case is the Object in the extended OT. Case states start by Decided and change through transactions until being Nursed.
As presented in Figure 6 , there are many object types O = {Patient, Treatment, Case. Nurses, Operating Rooms}. Each object type has its own properties and is interrelated with other object types via links. The FM expresses and describes a set of possible states of an object. For example, ''Case'' involved in the seven production processes: {T2, T3.T8}. The involvement is expressed as possible states of an object, thus the possible states of ''Case'' are P2, P3.P8. This set of states is called the product kinds. Each product kind is defined as an outcome (P) produced by a transaction T, respectively.
The DEMO Action Model
The AM, located at the bottom of the triangle shown in Figure 3 , is the kernel of DEMO, describing action rules. As an example, the action rule for A5 is shown in Figure 7 . This script shows the action rules to be followed by the executor A5 in order to promise the request for Pre-Surgery Preparation (T5/rq).
The general form of an action rules is as follows: event part, assess part, and response part. The event part specifies what event (or set of concurrent events) is responded to. The when clause in Figure 7 shows that the event of a transaction T5 is being requested. The with clause specifies the dependent facts of the Pre-Surgery Preparation that need to be known. In our case, the availability of the required resources, such as Surgeon, Nurse, Operating Room, and enough time to execute the process should be checked before promising (T5/pm) this request.
The assess part in an action rule is divided in three sections, corresponding with the three validity claims: the claim to justice, the claim to sincerity, and the claim to truth. All three of them have to be checked and accepted in order to make the coordination act successful. The claim of justice concerns the validity of a coordination act in the social context of the two actors. The claim is satisfied if the addressee acknowledges the authority of the performer to play the role he/she plays; similarly, the performer acknowledges the authority of the addressee, both in the social context in which the act is performed. In our case, this means that the Nurse who is responsible for Pre-Surgery Preparation acknowledges the Patient authority to be the initiator of this transaction (as the Patient acknowledges the Nurse's authority to be the executor). The Nurse's authority is settled by healthcare contracts and regulations, whereas the Patient's authority is generally legitimated by healthcare contracts and the operative civil code. The claim to sincerity concerns the validity of a cooperation act in the context of the personal relationship of the two subjects. It is a matter of trust. So, the question is: does the Nurse trust that the Patient is sincere in his/her request to order the Pre-Surgery Preparation service? Clearly, satisfying the claim of sincerity must emerge from the particular situation and it is hard to prove it by physical evidences. Lastly, the claim of truth is satisfied if the product does exist or if creating it leads to a lawful new state of the production world. In the case of the OT, this is guaranteed as long as the Patient requests for surgery service, and not for Childcare or Foodservice, because these do not exist in the OT world, and as long as the Nurse is able to conduct the agreed-upon service.
After assessing the condition, the response part is entered. The if-then clause specifies what action has to be taken if the three validity claims are accepted. In our case, the Pre-Surgery Preparation request must be promised (T5/pm).
However, the four DEMO aspect models present rich information about the OT, none of which can be directly simulated to study the dynamic behavior of the processes or the surgery department as a whole. DEMO is applied to describe the real world in a high level of abstraction or the ontology level. However, DEMO has been practically proven to be able to support Discrete Event Systems in several studies. [22] [23] [24] For the purpose of DEMO execution and considering the implementation level, DEMO++ 15 is applied. DEMO++ is a DEMO-based conceptual model, expanding and integrating ontology with implementation models. Furthermore, DEMO++ is executed in the AnyLogic environment, where excellent user interface and hybrid simulation support capability are available.
Design and Engineering Methodology for Organization-based simulation model for the extended operating theater
In order to develop the proposed simulation model, firstly, we apply DEMO++ as an ontology-based conceptuallevel model for simulation modeling of this case. Secondly, we execute DEMO++ in the AnyLogic environment. The proposed model is totally modularized using component-based simulation a model based on DEMO, which reduces the complexity of the model. DEMO++ is an expanded DEMO with an implementation model. Figure 8 illustrates the relation between DEMO and DEMO++ and also shows the interrelationship between the DEMO ontology model and the implementation model. As shown in Figure 8 , there are two parts included in DEMO++ , the ontological part and the implementation part. The former describes how enterprise is constructed, while the latter describes how the interesting part of the ontological model is implied. The two parts are connected through actor rules. The actor rules work as a bridge that connects ontology with implementation. The interrelationship between the two parts will be further illustrated through the explanation for the model components. There are many details for the mapping and application of There are five main components in the developed model: main, object, transaction, actor role, and composite actor role, and the implementation model. These components are presented next and readers are referred to Liu and Iijima 15 for further details about DEMO++ .
The main component
There are two levels of details defined in the Main: the ontological part and the implementation part. The ontological part includes components that describe the following: (1) the causal relations and conditional relations between the different transactions; and (2) the initiator and the executor of each transaction. As shown in Figure 9 , the interconnected transactions {T1, T2.T8} describe the structure of the system. Each transaction is also linked with its initiator (e.g., T7 with A4) and executor (e.g., T7 with A7). The ontological part is derived from the DEMO ATD (Figure 4 ) and the PSD ( Figure 5 ). The implementation part includes components that describe the implementation of the ontology. The core of the implementation part is defined inside each actor role as an Actor Role Component. It concerns how execution steps of the ontological act are defined, how they are related with resources, and what is the cooperation delay of ontology in the real world.
The Object component
The Object component is derived from the DEMO OFD ( Figure 6 ). Object is an entity whose state will be changed by a transaction. For example, in the lower right area of Table 1 , Case is the object and its state will be changed by transaction T8. The state transition chart of the object Case shows the possible states of this object (the related products; Figure 10 ). The possible states are derived from the related products {P1, P2.P8} in the DEMO OFD ( Figure  6 ), meaning that each Case has to pass through these eight stages before being Treated.
The Transaction component
The Transaction component is derived from transaction type of DEMO. The name, initiator, and executor actor roles and the object are defined for each transaction, as shown in the upper-right area of Table 1 . Following the basic transaction pattern, the possible states for each transaction are defined. The coordination acts and facts are defined for each state. In order to combine ontology with implementation, acts with additional expandable implementation details (Sact) are considered as shown in the upper-left area of Table 1 .
This point explains how the ontology model is connected with the implementation model. The connection is controlled by a Boolean property of Call Processor: if it is true (need to call processor), the ontological Sact will send a message to its processor asking for implementation and wait until the processor send back a result. For example, in the upper-left area of Table 1 , ''pm'' and ''ex'' are with true value, which means that the processor A8 will be called for implementation. Furthermore, before performing any Sact, we need to check the Base of each Sact to confirm whether all the state conditions for performing this act have been satisfied or not. For example, to perform (ex) for T8, the required state is that ''T8 has been promised'' (pmed) and ''the related transaction T4 has been accepted'' (aced T4). These interrelationships and conditions are derived from links of DEMO in the PSD ( Figure  5 ) and in the AM model (Figure 7) . In the lower-left area of Table 1 , Sfact indicates the result of coordination acts. For example, the acceptance of T8 ''aced for T8'' causes a start to execute T1 ''ex (T8),'' which matches with links in the PSD (Figure 5 ).
The actor role (A) and composite actor role (CA) components
The actor role carries both ontological and implementation levels information. At the ontological level, it is consistent with the concepts of the actor role defined in DEMO. In implementation, the expanded execution details are defined as actor role components. Actor roles are connected with the related transactions through Ports; see Main (Figure 8 ) and the lower-right area of Table 1 .
The implementation model
Actor roles are the bridges connecting ontology with implementation. At the ontological level, they describe responsibilities and authorities. In the implementation level, they define execution details of the ontological acts. So, DEMO is expanded with additional implementation parts in our simulation model. For example, A8 is the executor of transaction T8, thus it is by default the processor for ontological acts: pmT8, exT8, and stT8. Therefore, the implementation part of execution (ex) for T8 (Nursing) is defined in actor role A8, and includes all the required resources (e.g., wards and beds) and parameters (e.g., LOS) ( Figure 11 ). When processor A8 is called, as discussed in Section 3.3, in order to execute T8, the object will go through the implementation model shown in Figure  11 . Based on the Treatment Category of the Case, a destination ward will be assigned for the Case. In our case study, there are nine treatment categories and, therefore, nine destination wards. The number of beds and LOS are known for each ward. Thereafter, the case is routed to the dedicated ward and will stay in an assigned bed for the specified LOS time before being stated (sted T8) and go to the next step. In the case that there is no free bed in the dedicated ward, the case will be rerouted to another ward with a free bed or be cancelled. An important aspect of any simulation study is verification and validation of the simulation model. In order to verify the simulation model, tracing, step execution option, and visual animation capabilities in AnyLogic software are used. Furthermore, the internal logic of each module in the model is carefully checked. Also, the model outputs are compared with the manual simulation results for simple and deterministic cases. For validation, the data from the hospital are applied and the model outputs are compared with the current situation in the actual system. Based on the real case study statistics, there are 1050-1100 surgery cases handled monthly with around 12,600-13,200 total surgery cases per year. On the other hand, based on the simulation model results with five replications, the average total surgery cases per year was 13,195 with standard deviation of 755. A t-test analysis showed that there is no significant difference between the model results and the target value, with a p-value of 0.431. Furthermore, the model is executed under different settings of the input parameters and the model behavior is monitored. Since the model behaves in a plausible manner, the simulation models are judged to be valid for conducting the experiments.
Simulation results and discussion 4.1 Experimental results
The simulation model was run using 2 years of historical OT data from Karmoze Hospital, a non-profit hospital located in Alexandria, Egypt, from 2010 to 2012. There are nine patient categories and three surgery suites with three ORs each, making a total of nine ORs. The hospital includes many wards with 302 beds. The dedicated number of beds for each ward has been previously decided in the case-mix plan. 9 The ORs are available Saturday to Thursday for 5 hours daily (from 9:00 AM to 2:00 PM). The OR-day assignments for each specialty were decided in the master surgery plan. 10 After reaching the steadystate (2 months), the simulation model was run for five replications, each of 1-year long, using AnyLogic random numbers seeds.
The simulation model is applied to evaluate the operational performance of the case mix and master surgery plans that were obtained in two previous studies 9,10 under uncertainty conditions and the dynamic properties of the OT system. For this purpose, the operational performance is assessed and compared through three MSS plans: the current MSS developed by the hospital staff (Current); the proposed MSS for the current case-mix (Proposed 1); and the proposed MSS for the proposed case-mix (Proposed 2). 10 The three MSSs, Current, Proposed 1, and Proposed 2, are shown in Figures 12-14 , respectively. It should be noted that the key attached with Figure 12 is applicable also for Figures 13 and 14 . The MSS shows in each OR and on each day which patient category is assigned. For example, in Figure 12 patient category number 4 (General surgery-A) is assigned to OR-1 on Saturday. The comparison between the three MSSs is conducted based on three performance measures: (1) the overall average waiting list;
(2) the number of surgery cases per year (NSCs); and (3) the overall average patient misplacements.
The experiments are conducted on an Intel Core i5 (2.6 GHz) with 4 GB of RAM, running under Windows 7. Five replications are performed for each experiment. The 95% confidence interval for the average NSC performance measure is found to be less than 61.5%. It is observed that five replications are enough to obtain a reasonable confidence interval of the average. Based on the simulation model results, the comparison between Current, Proposed 1, and Proposed 2 in terms of the three performance measures was conducted and is shown in Figures 15, 17, and 19 , respectively. Furthermore, a one-way analysis of variance (ANOVA) is conducted using the Minitab Ò 17 Statistical Software package to test the comparison results statistically. The p-value is considered for this purpose.
The waiting list is one of the most important performance measures for any OT. Reduction of the waiting list improves the service level and directly affects patient satisfaction and the overall efficiency of the OT. The waiting lists are modeled by buffers in the Surgery Planning transaction (T3) and just after the Surgery Decision (T2). Patients on the waiting list are waiting to be scheduled and served. Figure 15 shows that the proposed plans (Proposed 1 and Proposed 2) could reduce the average waiting list by around 45%. Based on the statistical analysis, it can be concluded that there are significant differences among the means at the 0.05 level of significance with a p-value close to zero (p-value \ 0.05), as shown in Figure 16 . Furthermore, the figure shows that the average waiting list is slightly higher for the Proposed 2 MSS. This could be justified by the difference in the overall NSCs for each plan. In regards to Proposed 1, the weekly NSCs, on average, are 257 against 288 surgery cases in Proposed 2. This increase in the NSCs could justify the longer average waiting list.
The yearly NSC measure is a common performance measure in OTs. Increasing the NSCs means higher service levels, improved system utilization, and more revenues. Figure 17 shows that the proposed plans (Proposed 1 and Proposed 2) can increase the NSCs by around 60 and 180 cases per year, respectively. The increase in the NSCs is a result of the reallocation and reassignment of OR blocks over the different surgery categories (see . However, this increase in the NSCs (around 2%) is not statistically significant, as shown in Figure 18 . However, Figure 17 shows that the Proposed 2 MSS outperforms the Proposed 1 MSS, with slightly higher NSCs.
Apparently, the balanced use of various resources will not only increase the resource efficiency but also will improve the patient service level. Hence, it is important to harmonize the utilization of, for example, ORs and beds in wards. Yahia et al. 10 took into account the resulting daily bed occupancy levels during the MSS phase. They developed a master surgery plan with a more balanced daily bed occupancy level. The dynamic and stochastic environment of the OT brings fluctuations in the bed capacity requirement and deviations of the real bed demand from the assigned capacity, which causes the bed shortage phenomenon. Bed shortages will force scheduled surgeries to be cancelled or the operated patients to be misplaced in a second ward, which lowers the patient service level. At the Nursing transaction (T8), such discussions are necessary during both the coordination and implementation levels. Figure 19 shows that the proposed plans (Proposed 1 and Proposed 2) can reduce the overall average patient misplacements. Furthermore, the statistical analysis shows that there are significant differences among the means at the 0.05 level of significance with a p-value close to zero (p-value \ 0.05), as shown in Figure 20 
Benefits of applying DEMO++
DEMO models provide a comprehensive essential picture through the four-aspect DEMO models. The CM is the most concise model and provides a general view of the enterprise by showing the transactions and the actor roles and how they are interrelated and composed to construct a system. The PM provides more details about the business processes and business events. Also, the PM describes the detailed causal relations between the transactions. The AM describes the actions or business rules for actor roles. These business rules govern the actions between the process steps. Finally, the FM illustrates the object classes with their properties and facts related in the process. For Surgery Complete and Nursing transactions, in order to change the state of the main object Case, there are many external objects, such as Surgeon, Nurse, Operating Room, and Bed, linked with those two transactions. This emphasizes the importance of considering these resources in while solving OR scheduling problems. With the fouraspect DEMO models, DEMO provides a C4E representation of the system. Based on the proposed DEMO models, the OT is represented as eight components, which are the eight transactions in this system. The relations between the eight transactions are clearly explained and the sequences and dependency as well. Furthermore, the hierarchal relationship between the three ORs' scheduling sub-problems (shown in Figure 1 ) is represented via the three transactions: the Case-mix Planning, T10; Master Surgery Planning, T9; and Surgery Planning, T3 (as shown in Figure 4 ).
The DEMO model itself is simple; this is because of the high abstraction level in DEMO. When the model is simple, like the CM and PM of DEMO, this facilitates the reasoning by making discussions between the domain experts. Furthermore, this facilitates the mission for domain experts to identify any missing parts in the model, and also to read, verify, and validate the model.
The trade-off between the simplicity and ease of exploration and providing users with a sufficient level of details is a critical issue for any simulation model. The developed model is a holistic one as it allows capturing multiple views for the simulated OT. Users who are looking for a high level of system abstraction and do not have a need for details are invited to consider the Main component ( Figure 9 ). In this part, the OT is abstracted in eight components, which are the eight transactions in this system. However, the Implementation parts for these eight transactions comprise more than 100 AnyLogic modules. A component-based simulation model based on DEMO makes understanding and exploring the system easier. However, detailed sub-models are available for users who need a comprehensive view. The model offers the ability to explore the Implementation part for each transaction in detail, for example, Figure 11 . Thus, the model satisfies the requirements for both the abstracted and extensive views.
Based on the proposed component-based simulation model based on DEMO, it can be found that the implementation models are defined independently in the corresponding actor role, so that any changes in the method o f implementation could be applied without any changes on the ontological level. Therefore, changes are controlled: the implementation of changes will not affect the ontological level. In the same way, ontological changes may not affect its implementation if unnecessary.
Managers can benefit from the ontological model by exploring the overall system components and checking the overall performance. Through the Main component (Figure 9 ), the overall system could be investigated and the system bottlenecks could be found. Also, managers can explore in detail the interested implementation parts for any of the components (i.e., Figure 11 ). Furthermore, changes and alternative implementation plans can be applied and tested independently in a corresponding actor role, so that we can choose different approaches to see the effects of a change (what-if analysis) without any ontological changes. Besides representing the system in an abstracted way, DEMO++ shows the system logically. The logic representation results from the match between the Main view ( Figure 9 ) and the State Transition Chart (Figure 10 ). The State Transition Chart of the object Case shows the possible states of this object. The possible states are derived from related products {P1, P2.P8} in the DEMO OFD, which are the products of the eight transactions shown in Figure 6 . Showing the states and the sequence of changes is a more logical way to represent a system, is easy, and is more understandable.
Conclusions
In this paper, a DEMO-based simulation model that combines simulation and the enterprise engineering approach (DEMO) was developed. The model yields a more holistic view of the underlying problem. DEMO helps to focus on essential and more stable processes and activities, which by itself reduces the complexity of the underlying problem and helps scoping of the problem. Furthermore, the implementation parts provide the details and exhaustive view of the problem. Firstly, we developed the four-aspect DEMO models, the CM, PM, FM, and AM, for OR scheduling problems. The fouraspect DEMO models enabled us to understand the business process from different perspectives. Secondly, in order to develop a simulation model that supports both ontological and implementation levels, an expanded and integrated DEMO with an implementation model (DEMO++ ) is applied. AnyLogic is used as the execution environment. In regards to the first objective of this study, the proposed simulation model is used to evaluate the operational performance of the case mix and master surgery plans that were developed in previous studies. For this purpose, the operational performance is assessed and compared through three MSS plans. Three performance measures are used in this comparison: (1) overall average waiting list; (2) number of surgery cases per year; and (3) overall average patient misplacements. The results show that the overall average waiting list can be reduced by around 45%. Also, the number of surgery cases can be increased by around 180 cases per year. Furthermore, the results show that the proposed plans could reduce the overall average patient misplacements. These improvements in the operational performance of the OT will enhance the service level and increase patient satisfaction. In regards to the second objective, the proposed model provides a simple representation for not only the implementation part of the OR scheduling, but also for the ontological part. This enables managers, at the different decision making levels, to keep an eye on the interesting part. Furthermore, we are going to hold discussions with OT managers and practitioners to assess the effectiveness of our simulation model. Future work will be done on integrating the simulation model with the previously developed mathematical models in order to tune and enhance the overall performance. 
